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Abstract 
 
It is well-known that new particle formation (NPF) in the atmosphere is inhibited by pre-
existing particles in the air that act as condensation sinks to decrease the concentration and, 
thus, the supersaturation of precursor gases. In this study, we investigate the effects of two 
parameters - atmospheric visibility, expressed as the particle back-scatter coefficient (BSP), 
and PM10 particulate mass concentration, on the occurrences of NPF events in an urban 
environment where the majority of precursor gases originate from motor vehicle and 
industrial sources. This is the first attempt to derive direct relationships between each of these 
two parameters and the occurrence of NPF. NPF events were identified from data obtained 
with a neutral cluster and air ion spectrometer over 245 days within a calendar year. Bayesian 
logistic regression was used to determine the probability of observing NPF as functions of 
BSP and PM10. We show that the BSP at 08 h on a given day is a reliable indicator of an NPF 
event later that day. The posterior median probability of observing an NPF event was greater 
than 0.5 (95%) when the BSP at 08 h was less than 6.8 Mm-1. 
 
Keywords: new particle formation, atmospheric visibility, particulate mass concentration, 
back scatter, PM10.  
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1. Introduction	
 
The majority of airborne particles in typical urban environments are produced by motor 
vehicle and industrial emissions 1. These may be classified into primary or secondary 
particles depending on whether they are emitted directly from the source or  subsequently 
formed by nucleation or reaction from the gas phase, respectively 2. Nucleation involves the 
formation of stable clusters from gaseous precursors and this is often followed by formation 
of particles by condensation and coagulation of these clusters. New particle formation (NPF) 
events have been observed at various locations in the atmosphere such as in cities 3, 4 as well 
as in clean environments including forests 5 and coastal areas 6. During such events, ultrafine 
particle number concentrations (PNC) in the environment can rapidly increase from a few 
thousand cm-3 to over 1 x 105 cm-3 7. In urban environments, sulphur dioxide is oxidized 
during the day to form gaseous sulphuric acid, which has a relatively low vapour pressure and 
is recognized as the key precursor gas and principal nucleating agent in the atmosphere8. The 
most important aerosol nucleation processes in the atmosphere include binary nucleation of 
sulphuric acid and water and ternary nucleation of sulphuric acid, water and ammonia. After 
formation, other substances such as low vapour pressure organics often contribute to further 
growth 8. In clean environments, the gaseous precursors condense homogeneously to form 
new particles while in more polluted environments the gases are more likely to condense 
heterogeneously on the surface of existing particles 9. When the PNC is large, the mopping 
up of gases may result in a reduction of the ambient supersaturation that will mitigate 
homogeneous nucleation and prevent the occurrence of NPF events. The mopping up of gases 
is controlled by the available particle surface area and is specifically determined by the so-
called ‘condensation sink’ (CS) which is a measure of the rate at which molecules will 
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condense onto pre-existing aerosols 10. The CS primarily depends on the size distribution and 
surface area of the aerosols and the type of condensable vapour. Accordingly, studies have 
shown that, barring some exceptional cases where the precursor gas concentration is 
extremely high, NPF is more likely to occur at times and places with a low CS and less likely 
or even non-existent under conditions with a high CS 11.  
 
In urban locations, the fraction of days on which NPF occurs is dependent on the available 
sources of precursor gases, particle pollution and meteorological conditions such as wind 
speed and direction, solar radiation and temperature and, therefore, their occurrence is not 
easily predictable 4, 12-14. Aside from the scientific interest, prediction of NPF events is 
advantageous in minimising exposure to ultrafine particles, particularly those in the 
nucleation mode size range. It is known that these particles are able to penetrate deeper into 
the alveolar region of the lung where they are deposited with greater efficiency than those of 
other size ranges 15. The semi-volatile material in these particles has a high biological 
potency related to the content of redox cycling organic chemicals 16. This is particularly 
relevant in urban environments where most of the precursor gases that give rise to NPF 
events originate in motor vehicle exhaust, particularly diesel emissions that carry a range of 
toxic material 17. While it has been demonstrated that primary particles localize in 
mitochondria where they induce major structural damage and contribute to oxidative stress, 
the adverse health effects of semi-volatile secondary particles are not fully understood 16. 
 
Owing to the complex nature of the process, predicting the occurrence of NPF events in the 
atmosphere is a challenge. In this regard, using the CS as an indicator of NPF, although not 
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difficult, is cumbersome because it is not directly measurable and needs to be calculated 
using a range of known parameters including the particle number size distribution. Probably 
the best prediction tool so far was developed by McMurry and his colleagues in Atlanta, 
USA18, 19. This technique involves a dimensionless parameter, characterizing the ratio of the 
particle scavenging loss rate to the particle growth rate, which exclusively determined 
whether or not NPF would occur on a particular day. The criterion accounted for the 
probability that clusters, formed by nucleation, will coagulate with pre-existing particles 
before they grew to a detectable size. While these methods have proved to be reliable, they 
are not based on single measurements and involve some calculations using several 
measurements from which a prediction may be evaluated. 
 
In this paper, we observe the conditions prevalent during NPF events at a single site in 
Brisbane, Australia. We investigate the effects of two directly measurable parameters that are 
routinely monitored in real time at most meteorological stations – particulate mass PM10 
concentration and the particle back-scatter coefficient, BSP, as indicators of NPF in the 
atmosphere. Although, they are not directly proportional to the CS, each of these parameters 
generally increase with PNC and therefore with CS. PM10 concentration is a regulated 
pollutant in the air and is widely monitored with standard instruments such as the tapered 
element oscillating monitor (TEOM) and high volume air samplers. The BSP is a measure of 
atmospheric visibility and is monitored with a nephelometer. Light scattering by particles is 
the most important phenomenon affecting the impairment of visibility, which is probably the 
most apparent symptom of air pollution 2. Mie scattering is maximal when the particle size is 
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close to the wavelength of the incident light, so particles in the size range 0.1 – 1.0 µm are 
the most effective at reducing atmospheric visibility. 
 
2. Methods	
2.1	Experimental	
 
NPF events were detected with a neutral cluster and air ion spectrometer (NAIS) (Airel Ltd, 
Tartu, Estonia) 20. The NAIS is able to measure both positive and negative charged particle 
concentrations separately, as well as neutral particle concentrations, all in real time. The ion 
and particle concentrations are classified and recorded in 21 channels in the size range 0.5 to 
42 nm. Since its detection size range extends to the molecular size (below 1.6 nm), the 
instrument is ideally suited to detect the formation rate of new particles in the atmosphere. A 
good description of the operation of the NAIS may be found in Manninen, et al. 21. 
 
Monitoring was carried out during the calendar year 2012. The air was sampled through a 
window in a laboratory on the top floor of a six-floor building at the Gardens Point Campus 
of the Queensland University of Technology (QUT) in Brisbane, Australia. The campus 
bordered the main city centre and a large city park and the site was about 100 m away from a 
busy freeway. PM10 concentration and BSP were monitored using a TEOM and a 
nephelometer, respectively. The sample air for the TEOM was drawn through a tube passing 
through the roof of the building directly above the laboratory. One-hour average values of the 
PM10 concentration and BSP were recorded in real time. 
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NPF events are characterized by a burst of particles in the size range smaller than 10 nm 10. In 
this study, we identified NPF by the rate of increase of PNC, dC/dt, where C is the number 
concentration of particles in the size range smaller than 10 nm, in accordance with the 
method proposed by Zhang, et al. 22. Events with dC/dt > 10,000 cm-3 h-1 were classified as 
NPF events and days with at least one such event were classified as NPF days. Days 
including no events with dC/dt < 4000 cm-3 h-1 were classified as days with no NPF. Events 
with 4000 < dC/dt < 10,000 cm-3 h-1 were excluded from the analysis to remove the element 
of uncertainty. 
 
Rain has a complex influence on NPF in the atmosphere. By washing out airborne particles, it 
can drastically reduce the available condensation sink for gaseous precursors in the air, 
leading to an increased probability of NPF. However, rainy days are generally overcast with 
reduced solar radiation available for photo-oxidation of gaseous species that is necessary for 
NPF. Similarly, there is a general decrease in atmospheric pollution during the night, mainly 
owing to the reduced motor vehicle traffic density and industrial activity, yielding favourable 
conditions for NPF that are counterbalanced by the mitigating effect due to reduced precursor 
gas concentrations and the total absence of solar radiation. We have also noticed that 
temperature inversions sometimes lead to unusually high particle number concentrations 
during the second half of the night. In order to maintain consistent conditions, it was decided 
to exclude days when there was any rainfall greater than 1 mm and restrict the analysis to 
daylight hours. On each such day, we evaluated the mean PM10 and BSP values between 06 h 
and 18 h. During these days, NPF events were most likely to occur between 08 h and 11 h, 
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with particle growth continuing well into the afternoon. This is in agreement with two other 
previous studies in Brisbane 12, 13. 
 
2.2	Modelling	
 
The probability of observing an NPF event on a given day was modelled with logistic 
regression, with explanatory variables being the PM10 concentration and BSP levels measured 
at 08 h on that day. This time was chosen as most NPF events occurred after 08 h and it is 
useful to be able to predict these events before they occur. Days where NPF occurred were 
encoded as ݕ௜ ൌ 1 (success), and days without NPF were, therefore, ݕ௜ ൌ 0. The PM10 
concentration, BSP level and their interaction were included as standardised linear effects, 
where standardisation was used to improve the numerical stability of model fitting and to 
allow direct comparison of effect sizes. Priors were assigned to the coefficients of all linear 
terms in the model that represented the lack of information available, i.e. in the absence of 
data the effect was assumed to have a mean of zero and a variance of 106. 
 
The regression model was therefore 
ݕ௜ ∼ Bernoulliሺ݌௜ሻ
logitሺ݌௜ሻ ൌ ߚ଴ ൅ ߚଵ ሺܤ௜ െ ܤ
തሻ
ݏ஻ ൅ ߚଶ
ሺ ௜ܲ െ തܲሻ
ݏ௉ ൅ ߚଷ
ሺܤ௜ െ ܤതሻ
ݏ஻
ߚ଴, ߚଵ, ߚଶ, ߚଷ ∼ ܰሺ0,10ି଺ሻ
ሺ ௜ܲ െ തܲሻ
ݏ௉  
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where ݕ௜ is a binary variable describing whether NPF was observed on the ith day (with 
corresponding BSP and PM10 values of ܤ௜ and ௜ܲ, respectively), the overline represents the 
sample mean of that variable and the ݏ represents the sample standard deviation of the 
subscripted variable. 
 
Prediction from the model was performed for a range of BSP levels and PM10 concentrations 
within the convex hull of the observed values. Model fitting and prediction was performed 
via Markov chain Monte Carlo (MCMC) with JAGS 3.4.0 23 within the R 3.1.1 software 
environment. The MCMC algorithm draws samples (random numbers) from the posterior 
distribution of the model. The first 10,000 samples were discarded as burn-in before drawing 
10,000 samples for inference on the regression parameters and an additional 1000 samples for 
predicting the probability of observing NPF within the convex hull of observed values. 
 
Differences in the mean values of BSP levels and PM10 concentrations between NPF days 
and no-NPF days were tested using a Students t test and estimated at confidence levels of 
95% (p<0.05) and 99% (p<0.01). 
 
3. Results	
 
During the period of measurement, the instrument was unavailable on some days due to other 
projects. It was also removed for cleaning on 5 days. Allowing for such interruptions, we 
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were able to acquire complete 24-hour data on 245 days. Of these days, at least one NPF 
event ( dC/dt > 10,000 cm-3 h-1 ) was observed on 72, or approximately 29% of the days. No 
NPF events were observed with certainty ( dC/dt < 4000 cm-3 h-1 ) on 91 days. Excluding 
days when there was any rainfall greater than 1 mm, we were able to extract 55 days with an 
NPF event and 40 days when there was definitely no NPF event. These 95 days are used in 
our analysis. 
 
Fig 1 shows the diurnal variation of the PNC on a typical day with a strong NPF event – 14 
September. The concentration of all particles detected by the NAIS and the concentration of 
particles smaller than 10 nm (C) are shown separately. New particles are formed between 08 
h and 09 h as evidenced by the value of C that increases from about 4 x 104 to 8 x 104 cm-3 
giving a mean dC/dt value of 4 x 104 cm-3 h-1. Comparing the two traces, we see that during 
the time of formation, the large majority of particles were smaller than 10 nm. 
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Figure1: Diurnal variation of PNC on 14 September showing a strong NPF event soon after 
08 h. 
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Figure 2: Diurnal trend of PM10 and BSP values on 14 September overlaid on a contour plot 
of the diurnal variation of the particle number (cm-3) size distribution. 
 
Fig 2 shows the corresponding hourly PM10 and BSP values on this day overlaid on a contour 
plot of the diurnal variation of the particle number size distribution. The strong NPF event is 
clearly visible in the typical banana-shaped profile characteristic of such events 13, 24. The 
mean PM10 and BSP values between 08 h and 11 h on this day were 11.0 µg m-3 and 7.3 Mm-
1, respectively, which are both significantly lower than the annual average values of 14.5 µg 
m-3 and 20.6 Mm-1, respectively, observed at this time. Particle growth is observed to 
continue until 15 h when there was an abrupt rise in PM10 concentration to over 50 µg m-3 
that coincided with the end of the growth event.  The BSP shows a less-marked increase at 
the same time. The best explanation that we have for these increases at this time is that there 
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was a significant increase in wind speed (0.2 to 1.2 m s-1) accompanied by a slight change of 
wind direction from south to south-east, that may have entrained some pollutants from that 
direction to the measurement area. It is very likely that the particles that were entrained 
increased the condensation sink and arrested the particle growth rate as seen in Figure 2. We 
suggest that the particles were too large to affect the BSP significantly. 
 
The anticorrelation between NPF events and BSP is further illustrated in Fig 3 which shows 
the contour plot of the time series of the particle number size distribution over the period 16-
20 August. There was an abrupt change of wind direction from north to west around 00 h on 
18 August that resulted in a dramatic drop in BSP from about 25 to 6 Mm-1. The BSP 
remained below 10 Mm-1 until around mid-afternoon on 19 August when the wind direction 
changed back to north, accompanied by a corresponding increase of BSP to over 20 Mm-1. 
Two clear NPF events occurred on the mornings of the 18th and 19th while no such events 
were observed on the other three days. 
 
Collectively, the above observations strongly suggest that there is a clear anticorrelation 
between PM10 concentration and BSP on NPF events in Brisbane. The mean hourly PM10 
concentration, together with the corresponding standard deviations, during the daylight hours 
of 6 h to 18 h on days with NPF and no NPF are shown in Fig 4. The mean values on the 
NPF and No-NPF days were 12.4 ± 2.1 µg m-3 and 20.4 ± 1.5 µg m-3, respectively.  This 
difference was statistically significant at a confidence level of 99% (p<0.01). 
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Figure 3: BSP overlaid on a contour plot of the time series of the particle number (cm-3)  size 
distribution between 16-20 August. The x-axis tick marks correspond to 00 h (midnight) on 
each day. 
 
The mean hourly BSP, together with the corresponding standard deviations, during the 
daylight hours of 6 h to 18 h on days with NPF and no NPF are shown in Fig 5. The mean 
values on the NPF and No-NPF days were 7.2 ± 0.8 Mm-1 and 21.1 ± 4.9  Mm-1, respectively.  
This difference was statistically significant at a confidence level of 99% (p<0.01).  
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Figure 4: The mean hourly PM10 concentration during daylight hours on NPF and No-NPF 
days. 
 
Figure 5: The mean hourly BSP values during daylight hours on NPF and No-NPF days. 
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As stated earlier, the vast majority of the NPF events in Brisbane occurred between 08 h and 
11 h. In order to predict if an NPF event is likely to occur, it is necessary to base the decision 
on measurements obtained before or at the beginning of this period. Therefore, we look at the 
observations at 08 h, rather than over the entire daylight period, in predicting whether there 
would be a NPF or not. This also makes sense from a practical point of view. The mean value 
of PM10 at 08 h on the NPF and No-NPF days were 12.6 ± 5.1 µg m-3 and 22.7 ± 8.4 µg m-3, 
respectively. This difference was statistically significant at a confidence level of 99% 
(p<0.01). The mean values of BSP at 08 h on the NPF and No-NPF days were 8.3 ± 4.6 Mm-1 
and 27.7 ± 13.8  Mm-1, respectively. This difference too was statistically significant at a 
confidence level of 99% (p<0.01). Hence, we see that the statistically significant differences 
of mean PM10 concentration and BSP between NPF and No-NPF days existed whether we 
considered the time period between 06 h and 18 h or just the values at 08 h. Therefore, for the 
statistical modelling, we restrict our analysis to the PM10 concentration and BSP data 
obtained at 08 h. 
 
Table 1 shows the mean, median and 95% credible interval (the interval between the 2.5th 
and 97.5th percentiles) for the posterior probability distribution describing the likely values 
of each of the parameters from the logistic regression model. It was found that the probability 
of observing an NPF event decreased with BSP but did not appear to vary with PM10, either 
by itself or in an interaction with BSP, having parameters with a 95% credible interval 
containing zero. The measurements of PM10 and BSP at 08 h were found to be correlated at a 
level of 78%, indicating that any change attributable to PM10 was instead explained by 
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changes in BSP. For BSP less than 6.75 Mm-1 the median posterior probability of NPF 
occurring was at least 0.95 (Figure 6). This is in agreement with the observed data, where the 
lowest BSP that did not result in NPF being observed was 10.3 Mm-1. For BSP higher than 
22.0, the probability of observing NPF was less than 0.05. 95% credible intervals for the 
parameters in the Bayesian logistic regression model indicate that increases in 08 h BSP 
result in a decreasing probability of observing nucleation (Table 1). 
 
Table 1 Median and 95% credible interval for the posterior distribution of each of the 
parameters in the Bayesian logistic regression model 
Parameter 2.5th %-ile Mean 50th %-ile 
(Median) 
97.5th %-ile 
ࢼ૙ -1.406 -0.527 -0.526 0.303
ࢼ૚ -8.426 -5.568 -5.457 -3.341
ࢼ૛ -2.405 -0.709 -0.671 0.858
ࢼ૜ -0.925 1.057 1.139 2.621
 
A further aspect that emerges from Figure 6 is the wide variation of BSP values at a given 
PM10 level across which an NPF event may or may not occur. For example, at a PM10 value 
of around 10 µg m-3, there is an NPF at a BSP of about 2 Mm-1, while at a BSP of 30 Mm-1 
there is no NPF. This brings into consideration the particle sizes that are most effective in 
scattering light. It is likely that in the former case, the particles were not in the optimum size 
range for light scattering from particles. A detailed study of this phenomenon was outside the 
scope of this study. 
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Figure 6: Median of the posterior predictive distribution of the probability of observing NPF 
from the Bayesian logistic regression model. Contours show the values of PM10 and BSP 
corresponding to a median probability of observing NPF of 0.05, 0.5 and 0.95. Prediction is 
only performed within the convex hull that bounds the observed values of PM10 and BSP. 
Days on which NPF was observed are shown as filled circles, and days on which NPF was 
not observed are shown as open circles. 
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The mean PM10 concentration and the BSP during daylight hours were both significantly 
smaller on days when there was an NPF event than on days when there was no NPF event. 
The difference was most apparent between the hours of 08 h and 11 h on a given day and the 
08 h BSP level has been shown to be a strong indicator as to whether an NPF event will occur 
during that day. The 08 h PM10 concentration was not observed to account for variation in 
probability of observing an NPF event at a 95% level of credibility. Any variation possibly 
attributable to PM10 concentration is accounted for by BSP. 
 
The strong correlation between the measured parameters and NPF events shows that the 
logistic regression is a valid tool that can be used to predict the occurrences of NPF events in 
Brisbane, we concede that it may not be as effective in all other environments. Although, an 
increase in PM10 concentration (and/or the BSP) will generally lead to the inhibition of 
nucleation in the atmosphere, the emission rates of precursor gases can affect this 
relationship. Our results are specific to the conditions in Brisbane and assume that the 
precursor gas emission rates remained relatively constant during the period of the study. 
Also, there are other exceptions that may occur due to very specific conditions. For example, 
two recent studies have demonstrated that NPF and particle growth can be enhanced during 
heavy dust episodes under certain conditions in the atmosphere. A study of five severe haze 
episodes in China showed that, on heavy pollution days, mineral dust and oxides of nitrogen 
may promote the conversion of sulfur dioxide to sulfates, enhancing NPF and particle 
growth25.  Recent field measurements at a mountain site in South China showed NPF and 
growth of particles in the size range 15-50 nm during heavy dust episodes and attributed it to 
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the influence of photo-induced, dust surface-mediated reactions and resulting condensable 
vapour production in the atmosphere26. In our present study, no heavy pollution events such 
as dust episodes were observed and we believe that the observations are relevant within the 
conditions that are normally prevalent at other urban locations. This can only be validated by 
conducting similar studies at a range of other locations.  
 
This is the first attempt to establish a statistical relationship between the probability of 
observing a NPF and the two parameters PM10 concentration and the BSP. While each of 
these parameters are readily measurable and available from most meteorological stations, our 
results show that the BSP is a better indicator than the PM10 concentration in predicting the 
occurrence of NPF events and conclusively demonstrate that the average BSP at 08 h on a 
given day can be used to predict the occurrence of an NPF event on that day. This knowledge 
is important in mitigating potential exposure to nanoparticles in the urban environment. It can 
also be used as a tool to assess the prevalence of NPF events in the past using known records 
of PM10 concentration and the BSP. This is useful as it is known that NPF contributes 
significantly to the global cloud condensation nuclei (CCN) budget9, 10, 26 and, thereby, affects 
indirect radiative forcing in the atmosphere27. These applications to previous data at a given 
location as well as to other locations are critically dependent on other factors such as the type 
of precursor gases in the particular environments and their variation in time. 
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